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Abstract

Physical and mechanical stresses induced changes in clay dispersion is a major sustainability

and environmental issue, particularly in large-scale intensive agricultural production systems.

However, the dispersed clay may re-stabilize when the stresses are reduced or minimized/

removed. The objectives of this study are to (i) quantify the maximum potentially dispersible

(DCmax) and stabilizable clay (SCmax) in soils with textural di#erences when the stresses were

introduced and reduced, respectively, and (ii) identify the role of inherent soil variable(s) on DCmax

and SCmax. Dispersible clay measurements were conducted at monthly intervals for - years on

seven soil types under di#erent cropping treatments. The cropping treatments used in this study

were conventionally tilled continuous corn (CTCC) and forages, which were established in +323 on

plot that were previously under CTCC for more than +* years. The CTCC represents stress

imposed and the forages the stress reduced system. The DCmax in the stress imposed system across

soils ranged from -., to +0.0� compared to 0.. to --.2�, the total clay (TC) content. The DCmax

increased with increasing TC and decreasing soil organic matter (SOM) content. The SCmax in the

stress reduced system across soils ranged from +., to ../� and it increased with increasing TC and

SOM. Eleven to -1� of the DCmax was re-stabilized during the --year period under forages, i.e.

stress reduced system. The amount of SOM in the soil at the time of switchover from CTCC

played a significant role in the re-stabilization of dispersed clay, particularly in soils with similar

TC. The results show the stabilization of dispersed clay under reduced stresses depended on

DCmax and SOM.

Key words : Dispersible clay, Stabilizable clay, Soil texture, Soil organic matter, Physical and

mechanical stresses.

+. Introduction

Dispersed clays in soils under cropping, can

be a major sustainability and environmental

issue, because of its association with runo# and

erosion. In the highly mechanized intensive

agricultural production systems the physical

and mechanical stresses induced by multiple

tillage, heavy machinery wheel tra$c, and

water impact energy from over-head sprinklers

are, at least partially, responsible for increases

in clay dispersion. Number of environmental

factors, such as freezing and thawing (Rasiah

and Kay, +33.) and wetting and drying cycles

also play a role in clay dispersion (Caron and

Kay, +33,a & b). Weakening and breaking of

‘�clay�-�soil organic matter (SOM)�-�clay
�’ bonds during SOM mineralization, removal
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of polyvalent cations, particularly Ca,�, from

‘�clay�-�Ca,��-�clay�’ bonds, and Ca,�

displacement by Na�, under saline condition,

are examples of chemical stress induced clay

dispersion (Baldock and Oades, +33*).

Dispersed clays in soils have impact on soil

physical, chemical and biological processes.

Clay dispersion induced aggregate bond

weakening enhances aggregate breakdown

when soils were subjected to further physical

and mechanical stresses (Rasiah and Kay, +33/a

; Shanumuganathan and Oades, +32,). Clay dis-

persion increased sediment load in runo#

(Rasiah and Kay, +33/b ; Isensee and Sadeghi,

+320 ; Miller and Baharuddin, +320), decreased

water infiltration and conductivity in soil pro-

files (Collis-George and Greene, +313), and may

decrease the proportion of habitable pores for

microbes through pore clogging.

The dispersed clay (DC) in a given non-saline

soil under cropping increased with increasing

gravimetric soil water content (q) (Rasiah et al.,

+33,). On the other hand, the DC in texturally

di#erent soils increased with increasing total

clay content (TC), soil pH, and q, and decreas-

ing SOM (Rasiah et al., +33,). When q increased

to a potential maximum value, qmax, then poten-

tial existed for the dispersed clay to approach a

potential maximum value, DCmax (Rasiah, +33.).

In texturally di#erent soils, the DCmax and qmax

depended on TC and SOM (Rasiah, +33.).

Though it is known that under field conditions,

at least a small proportion of DCmax may re-

stabilize during soil drying, the major propor-

tion would remain dispersed or weakly bonded

(Caron and Kay, +33,a & b). The weakly

bonded sites are points of potential failure

zones, which are responsible for aggregate

breakdown under physical and mechanical

stresses.

When the physical and mechanical stresses

inducing clay dispersion under conventional

corn were reduced, through switch over to

forage-corn rotation, the dispersed clay re-

stabilized during the forage phase (Rasiah and

Kay, +33.). Furthermore, inclusion of forages

in rotations or as legume covers increased

water infiltration (Cassman and Rains, +320),

improved porosity (Disparte, +321), and pro-

tected soil surface from rain and sprinkler drop

impact, thereby preventing crust formation

(Disparte, +321). Though re-stabilization of dis-

persed clay might have had several beneficial

e#ects on soil water processes, limited informa-

tion, however, exists on maximum potentially

stabilizable clay (SCmax) under forages of corn-

forage rotation. Thus, quantitative informa-

tion on physical and mechanical stresses in-

duced clay dispersion under stressed systems

and that on stabilization under reduced

stresses are essential. Therefore, the objectives

of this study are to (i) to provide quantitative

information on DCmax and SCmax when the

stresses were imposed and reduced, respective-

ly, in soils with textural di#erences and (ii)

identify the role played by inherent soil varia-

ble(s) on DCmax and SCmax.

,. Materials and methods

+) General

The data used in this study is from crop

rotation and tillage experiments established in

1 sites (Table +) in Ontario province, Canada, in

+323 and continued until +33+. Before +323, the

experimental sites, in farmers’ field, were under

conventionally tilled continuous corn (Zea

mays L.), CTCC, for at least +* years. Conven-

tional tillage involved plowing in the fall,

followed by secondary tillage in the spring.

The CTCC treatment represents the physical

and mechanical stresses imposed system, and

the forage phase in corn-forage rotation the

stress reduced system. Crop rotations at the

sites included cereal-forage or soybean-forage

rotation. In this study, however, we will pres-

ent the data relating to CTCC and corn-forage

rotation only. During the sampling period the

corn-forage rotation plots were in the forage

phase. The forages included in the rotation

were alfalfa (Medicago sativa L.) in soil .,

bromegrass (Bromus inermis L.) in soils +, ,, -,

and 0, and red clover (Trifolium pratense L.) in

�����	 
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soil / and 1. The experimental design at each

site was a randomized complete block with

four replications. Crop, fertilizer, weed, pest,

and disease managements were carried out ac-

cording to the recommendations of the Ontario

Ministry of Food and Agriculture (+322a and b).

For further experimental details and other re-

lated information, the readers are referred to

Rasiah and Kay (+33. and +33/a, b) and Rasiah

et al. (+33,).

,) Soil sample collection and laboratory

analyses

Soil cores (1 cm diameter and 1 cm length)

were collected from the surface * to 1-cm layer

at four randomly selected locations from each

replicate at monthly intervals from May

through September in +323, +33*, and +33+. The

soil cores from each replicate were thoroughly

mixed, and approximately one-quarter of the

mixed moist soil sieved, on a mechanical

shaker, using a nest of sieves with mesh open-

ings of +*, ,, and +mm, respectively, and a

shaking time of one minute. The aggregates

retained on the +-mm sieve, i.e. + to ,-mm aggre-

gates, were used for the dispersible clay (DC)

and field soil water content (qg/g) determina-

tions. The + to ,-mm aggregates from the +323

soil samples were also used for particle-size,

soil organic matter content, SOM, pH in a + : +

soil : water mixture, and calcium carbonate

content (Page, +320) determinations. The

results of the analyses are reported in Table +.

Dispersible clay measurements on the field

moist + to ,-mm aggregates were conducted

using the procedure described by Pojasok and

Kay (+33*). In brief, three /-g subsamples of the

field moist + to ,-mm aggregates from each

replicate were prewetted on a wetting table at

+ cm suction for 3*-min using deionized water.

The prewetted sample was transferred to a /*

-ml test tube using .*-ml of deionized water.

The suspension was shaken in a mechanical

shaker for +*-min and then transferred to a ,/*

-ml conical flask using another 2*-ml of

deionized water. After a .*-min settling time

(calculated using Stakes Law), the DC in the

suspension was determined, using a colorime-

ter previously calibrated for each soil. The DC

is expressed as a percent of total oven-dry soil

mass. The q in the + to ,-mm aggregates was

Table + Soil description and selected properties

Soil type

Soil description Soil properties

Series name
(US classification)

Caly Silt
Soil organic
matter

CaCO- pH

(����� g/ +** g soil� or ������)

+ Brookston clay
(Typic Haplaquept)

--42 ,14- -4- *4** /411

, Brookston clay
(Typic Haplaquept)

,+4+ .,4- -4+ *413 14--

- Tuscola silt loam
(Aquic Hapludalf)

+24/ /043 -43 *4+0 040*

. Conestoga silt loam
(Aquic Eutrochrept)

+24- /,4* -43 +4/* 14,

/ Conestoga silt loam
(Aquic Eutrochrept)

+143 /-4. -4. ,4*. 14+1

0 Wattford loamy sand
(Arenic Hapludalf)

04. +*4. ,43 *4** 04.*

1 Fox loamy sand
(Arenic Hapludalf)

04. +/41 ,4, *4+* /42.
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determined gravimetrically and expressed as a

fraction of the oven-dry soil mass (g/g).

-) Computations

According to Rasiah et al. (+33,) the dis-

persed clay (DC) across soil types increased

with increasing soil-water content (q),

DCi�pi�qiqi �+�

where the subscript ‘i’ refers to a given soil.

When qi in Eq. [+] approaches a finite maximum

value (qmax), then clay dispersion is at its poten-

tial maximum and this is defined as DCmax. The

DCmax was computed using Eq. [+], for q�qmax,

and the computed values are provided in Table

,. The qmax used in the DCmax computations are

also provided in Table ,. The values for pi and

qi, for each soil, used in the computation of qmax

and DCmax are provided by Rasiah et al. (+33,)

in their table ,.

Rasiah and Kay (+33.) developed a model, to

predict the net amount of clay re-stabilized by

forages, in corn-forage rotation, and they

defined this as SCnet,

SCnet���p��qqf��+�e�kt��qc�qc�qf� �,�

where SCnet is the di#erence in DC between

that under CTCC and the corresponding forage

treatment. In Eq. [,] the �p, �q, k, and qc are

model parameters, which were estimated using

experimental data. In Eq. [,]�q is equal to the
di#erence between q of forage and corn and

similarly for �p. The subscript ‘c’ refers to

corn, ‘f’ to forage, the superscript ‘k’ a rate

constant, and ‘t’ is time, in months, after the

introduction of forages in corn-forage rotation.

The values for the parameters in Eq. [,] are

provided by Rasiah and Kay (+33.) in their

table -. The amount of dispersed clay that can

be re-stabilized by forages, i.e. under reduced

stresses, as ‘t’ approaches infinity has been

defined by Rasiah and Kay (+33.) as maximum

potentially stabilizable clay SCmax and they

Table , The maximum gravimetric soil water content (qmax) and the maximum potentially dispersible

clay (DCmax)

Soil property
Soil type

+ , - . / 0 1

qmax(g/g soil)

DCmax (g/+** g soil)

*4.0

+040

*4..

+,42

*4.2

04*

*4./

/41

*4.*

142

*4-1

-4,

*4.*

/4.

Table - The dispersible clay at average water content and that at maximum water content expressed

as a fraction of other variables

Dispersible clay type and its relationship with other variables

Soil type 	DC (�) DCmax/TC
[DCmax�
DC (�)]�A A/DCmax A/TC DC (�)/DCmax DC (�)/TC

+

,

-

.

/

0

1

/420

/4+,

,403

,411

-4.*

,4*0

+4,,

*4/*

*40+

*4--

*4-,

*4..

*4/+

*42.

+*411

140.

-4,2

,431

.4-2

+4+0

.4+3

*40/

*40*

*4//

*4/,

*4/1

*4-0

*413

*4-,

*4-1

*4+2

*4+1

*4,/

*4+2

*400

*4-0

*4.+

*4./

*4.3

*4..

*40.

*4,,

*4+2

*4,.

*4+/

*4+0

*4+3

*4--

*4+3

	 DC (�)�dispersible clay at average water content (�), DCmax�maximum potentially dispersible clay, TC

�total clay in soil.
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showed, through appropriate re-arrangement

of Eq. [,], that SCmax can be computed using the

following equation,

�SC�q ����p��qq � �-�

where q is the average soil water content over

the growing season in a given soil. The�SC(q ),

computed using Eq. [-], for the 1 soils are pro-

vided in Table ..

-. Results and Discussion

+) General

The total clay content (TC) in the soils

ranged from 0..� to --.2�, the texture from

loamy sand to silty clay, and the soil organic

matter content (SOM) from ,., to -.3� (Table

+). The clay mineralogy is dominated by illite,

with subordinate amounts of chlorite, vermicu-

lite, and hydroxy-interlayered vermiculite

(Baldock and Kay, +321 ; Evans and Cameron,

+32-).

Depending on the length of time (t) after the

introduction of forages, in corn-forage rotation,

soil moisture content (q) at sampling, and the

soil type the amount of dispersed clay (DC) in

the soils ranged from *.*/� to +,� (Rasiah et

al., +33, ; and Rasiah and Kay, +33.). In general,

the DC was high in soils with high TC, suggest-

ing that source strength played an important

role on the amount of DC in soil under field

conditions. The DC in the 1 soils increased

with increasing TC and q, but decreased with

increasing SOM and soil pH (Rasiah et al. +33,).

The DC in the 1 soils decreased with time

after the introduction of forages and subse-

quent to change over from conventional to

no-till system (Rasiah and Kay, +33.). Rasiah

and Kay (+33/b) showed that runo# and sedi-

ment load, from soil /, increased with increas-

ing DC, regardless of the cropping treatment.

Though runo# simulations were not con-

ducted at the other sites, we anticipate similar

trends from these sites. Indirect evidence for

swelling, during wetting, induced structural

destabilization and reduction in infiltration

rate was derived positive associations that ex-

isted between DC and runo# (Rasiah and Kay,

+33/b). From the foregoing, it is evident that

DC in the 1 soils played important roles in

surface and subsurface soil water flow, and the

spatio-temporal changes in DC depended on

inherent soil variables, q, and cropping and

tillage management practices.

,) Maximum potentially dispersible clay

The maximum potentially dispersible clay

(DCmax) in the soils ranged from -., to +0.0-g

clay/+**-g soil (Table ,). Rasiah (+33.) showed

that DCmax increased with increasing TC and

decreasing SOM, but was determined largely

by the source strength, i.e. TC. The DCmax

estimates, computed using the equation pro-

vided by Raisah (+33., Eq. 1) show that +..+-g

Table . The stabilized clay expressed as a fraction of dispersed clay

Soil type

Stabilized clay and its relationship with dispersed clay types

��SC (�) �SC(�)/TC �SC(�)/DC(�)
�SC(�)/

[DCmax�DC(�)]
�SC(�)/DCmax

+

,

-

.

/

0

1

.4/+

-4*,

+411

+42*

,4*3

+4+1

*4//

*4+.

*4+.

*4+*

*4+*

*4+,

*4+3

*4*3

*411

*4/3

*400

*40/

*40+

*4/1

*4.1

*4.,

*4.*

*4/.

*40+

*4.2

+4*+

*4+.

*4,2

*4,.

*4-*

*4-,

*4,1

*4-1

*4++

��SC (�)�stabilized clay at average water content (�), DCmax�maximum

potentially dispersible clay, TC�total clay in soil, and �DC (�)�stabilized clay at

average water content (�).
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clay/+**-g soil was potentially dispersible in

soil +, at -./� SOM, and the estimated DCmax

increased to +/.0 g clay +** g�+ soil when the

SOM decreased to -.*�. This suggests that +*

� increase in clay dispersion was associated

with *./� loss in SOM, possibly through C-

mineralization. Similar estimations for soil 0

show that only 0� increase in clay dispersion

for *./� reduction in SOM, suggesting the

impact of C-mineralization on clay dispersion

was higher in clay soil than in loamy sand.

The clay dispersed at maximum soil water

content (qmax) is also potentially available for

transport in surface and subsurface flow (Table

,). Because, the clay dispersed at qmax is free

from soil aggregates, it can be transported in

infiltrating water and may clog soil pores

during soil drying. The soil water status favor-

able for maximum clay dispersion to occur

usually arises after rain or irrigation events.

Thus, in soils with high TC, potential existed

for large quantities of the clay to be dispersed

at qmax and transported in surface and sub-

surface flow. In soil +, with --.2� TC, the DCmax

was +0.0�, implying that� /*� of the TC was

potentially available for transport in flow com-

pared to �2.� of the TC in soil 1 (Tables ,

and -). Even though the absolute amount of

the DCmax was higher in soil + than in soil 1, a

larger proportion of it in relation to TC was

potentially available for transport in runo#

from soil 1. The least amount of DCmax was

found in soil - and . that are characterized by

high SOM, indicating the importance of SOM

in decreasing clay dispersion at maximum soil

water content.

Even though Rasiah and Kay (+33/) showed

that runo# or sediment load and DC(q) was

positively correlated, in reality though it seems

that DCmax should have been correlated with

runo# and sediment load.

During dry-spells that follow rain or irriga-

tion events, the amount of dispersed clay in

soils will decrease with decreasing q, i.e. a corol-

lary of the positive empirical relation between

dispersed clay and q (Rasiah et al., +33,). Thus,

the obvious question now is what is the fate of

this DCmax during soil drying? During soil

drying the DCmax, at least a small proportion of

it may re-stabilize, temporarily, through weak

�clay�-�clay� bonding or be deposited on

aggregate surfaces and/or pore walls. During

re-wetting the temporary bonds may break

and release free clay. Evidences for temporary

weak bonding and for the release of free clay

have been provided by Caron and Kay (+33,a).

Thus, we suggest the clay that is potentially

available for re-stabilization through changes

in cropping and tillage practices is that present

at qmax, i.e. DCmax. On the other hand, Rasiah

and Kay (+33.) used the amount clay dispersed

at average field water content [DC(q )] as that

available for re-stabilization through changes

in cropping and tillage systems.

Because, the qmax soil water status (Table ,) is

short lived, we computed DC(q ), for each soil, as

a fraction of DCmax [DC(q )/DCmax] and TC [DC

(q )/TC] (Table -). The di#erence between

DCmax and DC(q ) is the amount that was dis-

lodged from soil aggregates through satura-

tion and is in a relatively dynamic or in an

un-aggregated state and readily available for

transport. Thirty six to 13� of the DCmax or +2

to 0/� of the TC was in dynamic or un-

aggregated state. Exclusive of the loamy sand

1, /, to 0/� of the DCmax in silt loam and clay

soils were in un-aggregated or dynamic state

and we suggest that this fraction of the DCmax

need immediate re-stabilization attention.

The DC(q ) is the amount of dispersed clay

that is in a weakly bonded state due to soil

drying, but may disperse or disaggregate

during saturation. When DC(q ) was expressed

as a fraction of DCmax (Table -), it showed that

,, to 0.� of the DCmax was DC(q ), suggesting

that soil drying played an important role in

reducing the amount of clay available for

transport in water. In clay and silt loam soils,

-0 to .3� of the DCmax was DC(q ), The highest

and lowest percents were associated with

loamy sands, suggesting inherent soil variables

other TC playing a temporary role in the stabi-
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lization of dispersed clay during soil drying.

The major emphasis on clay dispersion in

this paper is that induced by mechanical and

physical stresses and dynamics of the dis-

persed clay in relation to soil water status.

However, it is important to recognize here that

dispersion induced by salinity, particularly

that arising from saline water use, may be a

major issue in arid, semi-arid, and tropical envi-

ronments. Several studies have shown the

impact of salinity on decreases in soil hydrau-

lic conductivity through pore clogging by the

dispersed clay (Sumner, +33-). Gypsum appli-

cation was e#ective in restoring, at least par-

tially, conductivity under saline condition.

This suggests, the pore clogging clay particles

were transported or translocated away from

pore walls after gypsum application and were

probably re-stabilized in aggregates. Limited

quantitative information, however, exists on

the fate of dispersed clay under forages in

forage-cereal rotations in saline soils.

-) Maximum potentially stabilizable clay

The amount of dispersed clay (DC) under

forages in forage-corn rotations decreased with

time, during the - yr period, in the 1 soil types

and the DC under forages were always less the

corresponding continuous conventional corn

treatment (Rasiah and Kay, +33.). The afore-

mentioned provides evidence for the forage-

phase induced stabilization of clay that was in

dispersed status under corn. As time ap-

proaches infinity, the DC under forages may

decrease to near zero and the amount of clay

stabilized would be at its potential maximum,

SCmax. The SCmax at growing season average

water content, q , is defined as �SC(q ). The �
SC(q ) is the di#erence in dispersed clay be-

tween the corn and forage treatment. During

the --year period, the �SC(q ) ranged from +.+1

g clay +**g�+ soil to ../+g clay +**g�+ soil

(Table .). The �SC(q ) had been shown to in-
crease with increasing TC, SOM, and soil pH

(Rasiah and Kay, +33.).

The clay stabilized by forages ranged from 3

to +3� of TC (Table .). According Rasiah and

Kay (+33.), the fraction of the dispersed clay

that was stabilized by forage is �SC(q )/DC(q ).
Thus, according to them .1 to 11� of the dis-

persed clay was stabilized by forages in - years

(Table .). However, in reality though, as

mentioned elsewhere in the text, the total dis-

persed clay in a given soil is DCmax. Thus,�SC
(q ) was expressed as a fraction of DCmax (Table

.). This form of expression revealed that only

++ to -1� of the DCmax was stabilized by

forages. We also indicated elsewhere in the

text the di#erence between DCmax and DC(q ) is

the amount that was in a relatively free or

dynamic state. Therefore, we expressed � SC

(q ) as a fraction of this di#erence (Table .).

This computation indicated that +. to almost

all the so-called free state clay was stabilized

by forages. Ironically, the highest and lowest

stabilization of the clay in dynamic state

occurred in the loamy sands. The highest sta-

bilization occurred in the loam with the high

SOM and the lowest in the loam with low SOM.

This suggests the SOM present at the time of

introduction of forage probably played an im-

portant in enhancing the stabilization of the

clay in dynamic state.

The maximum amount of clay that can be

stabilized by forages depended on the dis-

persed clay pool and we have shown this pool

is DCmax and not DC(q ) as indicated by Rasiah

and Kay (+33.). The DCmax is a much larger pool

than DC(q ) in a given soil (Tables , and -), and

DC(q ) is only ,, to 0.� of DCmax. The DCmax

increased with increasing TC and decreasing

SOM (Rasiah, +33.). The �SC(q ) showed a

trend to increase with increasing TC or DCmax

or �DC(q ) and/or SOM (Fig. + and Table .).

Therefore, we explored�SC(q ) as a function of
TC and SOM, or DCmax and SOM, or�DC(q ) and
SOM using the stepwise variable selection pro-

cedure. The analyses produced a significant

relation only with DCmax and SOM independent

variables,

�SC�q ���+�1/�*�,/DCmax�*�/0SOM

�R,�*�30 and P	*�*+
 �.�
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Equation [.] indicates that �SC(q ) increased

with increasing DCmax and SOM. However, the

role played by DCmax is di#erent from that of

SOM. The amount of clay that can be

stabilized by forages depends largely on the

dispersed clay pool. This pool could be either

TC or DCmax or �DC(q ). The aforementioned

analyses, i.e. using TC or �DC(q ) or DCmax as

the clay pool, indicate that DCmax is the pool

that determined�SC(q ) and not TC or�DC(q ).

Equation [.] also indicates that SOM enhanced

clay stabilization when the dispersed pool was

not a limiting factor. For example, in the

loamy sands (soils 0 and 1) with 0..� clay

content, the influence of SOM on clay stabiliza-

tion is higher in soil 0, with ,.3� SOM, than in

soil 1, with ,.,� SOM. The SOM clay stabiliza-

tion enhancement role was significant only

when DCmax was used as the dispersed clay pool

and not TC or �DC(q ). This provides further

support to our hypothesis that DCmax is pool

that determined the maximum potentially

stabilizable clay.

The enhanced e#ectiveness of SOM in clay

stabilization under forages, suggests the bind-

ing materials arising from short-term forages

were more e#ective under high initial SOM

and is consistent with the results reported by

other workers (Nadler and Letey, +323 ; Swift,

+33+). The results are also compatible with the

observation made by Baldock and Oades (+33*)

that Ca,� addition during straw decomposition

resulted in increased structural stabilization

through synergistic e#ects.

We suggest that in soils with high DCmax the

organic binding materials produced by short-

term forages were more e#ectively utilized

during clay stabilization. This probably led to

the immobilization of the organic materials in

the stabilized aggregates, thereby leading to

gradual increases in SOM. The aforementioned

hypothesis is consistent with the findings of by

Dormaar and Foster (+33+).

As mentioned elsewhere in the text, quanti-

tative information on the stabilization of dis-

persed clay in saline soils under forages is

scarce. Recently, however, Mitchell et al. (,***)

showed that soil aggregation under legume

winter cover crops, followed by summer

cereals using saline water for irrigation, was

higher than without cover crop treatment.

Further, the stability of soil with gypsum treat-

ment and saline water use was less than cover

crop. However, surface soil salinity was higher

under winter cover than the gypsum treat-

ment. Unfortunately, the changes in clay dis-

persion after saline water irrigation and winter

cover crop treatment were not measured in

Fig. + The relationship between maximum potentially stabilizable, [�SC (�)], or dispersible, [�DC

(�)], and total clay (TC).
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this study. Nevertheless, the results indirectly

show that clay dispersion might decreased

after the introduction of winter cover crops

according to Rasiah et al. (+33,), who showed

negative correlations existed between aggre-

gate stability and dispersed clay (Rasiah et al.

+33,).

Even though the forage phase in forage-corn

rotation was e#ective in stabilizing dispersed

clay, the practical applicability of this rotation

is limited, because, such rotations may not be

economically feasible or acceptable. Further, if

animal husbandry is not incorporated in the

farming systems then e$cient utilization of

forages is limited. Thus, it seems winter cover

cropping or under-seeding green manure

legumes in cereals, particularly under corn,

more appropriate than forage-corn rotations.

.. Conclusions

In previous studies, the dispersed clay at av-

erage field water content [DC(q )] was consid-

ered amount that was available for stabiliza-

tion when forages were introduced (unstressed

system) in forage-corn rotation. In this study,

we show the maximum potentially dispersible

clay (DCmax) is the pool that was available for

stabilization when the forages were intro-

duced. The DCmax is much larger than DC(q ),

which ranged from ,, to .3� of DCmax across

soil types. The DCmax under conventional corn

(stressed system) ranged from -, to 2.� of the

total clay (TC) across soil types. This indicates

that substantial quantities of TC were in dis-

persed state in the stressed system. When the

impact of the stresses were reduced, through

the introduction of forages, the dispersed clay

re-stabilized and the amount stabilized ranged

from ++ to -1� of the DCmax across soil types.

The sources strength, the total clay content

(TC), determined DCmax pool and consequently

SCmax. Soil organic matter (SOM) had opposing

e#ects on SCmax and DCmax. The SCmax increased

with increasing SOM in a given soil and across

soil types. Thus, we suggest SOM conservation

and management not only enhances clay stabi

lization, it may contribute towards C-sequest-

ration in soil, particularly under reduced till-

age systems. C-sequestration in soil may help

in reducing the concentration of green house

gases in atmosphere.
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Anisotropy of Drainable Macropores in Andosols

and Alluvial Soils

Yukiyoshi IWATA* and Hajime NARIOKA**

* National Agricultural Research Center for Hokkaido Region,

Shinsei, Memuro-chou, Kasai-gun, Hokkaido *2,�**1+, Japan

** Faculty of Environmental Science and Technology, Okayama University,

-�+�+ Tsushima-naka, Okayama 1**�2/-*, Japan

Abstract

Since macropores significantly influence the movement of water and air in the soil, it seems that

the structure of macropores should determine the processes of drainage. A study was conducted

to investigate the structure of macropores and the associated drainage process. The drainage

characteristics of volcanic ash and paddy field soils were investigated, and the following results

were obtained.

(i) The structure of entry pores depended on the direction of sampling. We constructed a

model of entry pore structure, and found that this phenomenon is thought to reflect the shape of

drainage macropores, especially the joints of tubular pores that have di#erent diameters.

(ii) The results of drainage experiments using a +** cm- cylindrical sampler were thought to

have been greatly a#ected by the inner wall of the sampler. Nevertheless, it could be said that

wall-a#ected results show soil drainage characteristics better than non-wall-a#ected results. We

constructed a model of drainable macropores structure to explain this phenomenon. The shapes

of pF-distribution curves were di#erent depending on the direction of sampling when soil was

sampled using a +** cm- cylindrical sampler. This could be explained by assuming that large

tubular pores in the network of macropores were in a vertical direction and smaller tubular pores

were in a horizontal direction.

Key words : macropore structure, drainability, anisotropy, soft X-ray imaging method, sampling
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Fig. 0 Anisotropy of the entry-pore pressure.
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Fig. . Air permeability at pF +.2.
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Fig. / Anisotropy of the entry-pore volume.
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Fig. 1 Anisotropy of the drain gradient.

?�$TU� ¬ 23 &,**,/18



-. , ���� �����	
� �	
�
���������	 
��������-	 .��
��
������ �Ks� ������� +*�- cm�s	 ��
� �� +*�.!+*�0 cm�s�"#$#%&'(� Ks�
) *+,-./�%0123��45�678�	 9
:;<��%���=>2?�@4:=5'(�

pF +.2�,AB
����	 �C�0123�>2?
� Ks-DE�F�G:BH3�&'(� I5I	 ��
� �-D�����%J�67K	 ) *+�/�%
L�M8>2?�@4:BN8OP%� KsNQ��H
3��I(� R *+�,8SKs�>2?�@4:=
8�	 Ka��C23�TU675'(� V�VN�	 R
 *+�WXYZ[��C23�\]5�^_IS8B
VN�`ab:S8BNcdb:B�

-. - ������
edI(fghY�	 fgij	 k�lm���/!1

�nNoS���
fghY��	 pS��%�C23�675'(�
fgij�	 R *+�qKpS��%�C23�6
75'(� fgij�rNst��%�C23�678
N8OVN�	 6�uvhY	 �=\wx�yz54{
zn%�|I(}E67=WXY�}~��0123�
678N8OVN���IS8B� V:�	 � ���
����,ABWXY�0123�^_IS�8N8O

���� ���	 +32/ ; ��	 +323� N��IS8(�
k�lm�	 ,AB,-.R *+%�C23�67

K	 Bw,%rNst��=K	 R /�,-.) *
+�/�%0123�675'(�

-. . pF����
Bw,,-.) /�� pF���������2��

��
Q��	 ����x���C�0123�nNoS�
I(E�%	 y��C23	 {�0123�x����
IS8B� Bw,%��C�0123�Q�=����
���5:S8B���I	 ) /���C23� pF

+.-!+./�67=�#�	 0123� pF +.*!+.-,-.
pF +./!+.2�~b=�#��&D	 x����23�
-'S�����45�>='S8(�
VV%	 NK�� pF���,AB pF������

��x����Z[����`aI(E�%&BN� 
B=4¡	 ��23�-D�����>2?�¢£�B
VN�	 �C�0123%¤�XY�Z[�>='S8
BVN����B� ��2�) /��-O�	 Q�¥¦
%edI(�E55\4]��23�§Ox�����
��pS>=B¨©	 V�Gª�ed�«�¬V'(
��¬®IS8BN�� �K8� 9V%	 V���
¯�B�°�± �.. ,� %²³�B�

-. / � X���
��3!+,��x��´X�µ¶��� �VV%	

��2 Bw,,-.) /�� pF������
Fig. 2 pF-moisture distribution curves of Bw, and ill-drained paddy field.

�· : �	
¸¹º»��N��� ��,AB¤�?WXY�>2?�¼8S 19



��3�+, ��������	
������� X���
Figs. 3�+, Soft X-ray radiographs of tubular-pore (macropore) of upland field (volcanic

ash soil) and paddy field.

��3 ,AB� �-/�03 cm��
Fig. 3 Volcanic ash soil, ,AB layer (-/�03 cm depth), Film No. N30,/3.

��+* Bw,� �+*/�+,2 cm��
Fig. +* Volcanic ash soil, Bw, layer (+*/�+,2 cm depth), Film No. N30,-1.

��++ �
�� �+0�,3 cm��
Fig. ++ Ill-drained paddy field, plowsole (+0�,3 cm depth), Film No. N3/,0/.

��+, �
�� ��,3 cm��
Fig. +, Ill-drained paddy field, subsoil (�,3cm depth), Film No. N3/,03.
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Abstract

The prediction method of ion concentration in the e%uent during pH - sulfuric acid solution

permeation into the air-dried volcanic ash soil column was examined in this study. The method

for prediction was composed of chemical reactions between acid solution and soil, and mixing cell

model.

The chemical reactions were composed of aluminum dissolution, cation exchange between

dissolved aluminum and basic cations, bicarbonate formation, sulfate ion adsorption, charge

valance and mass balance of sulfate ion and basic cations. Cation exchange between dissolved

aluminum ion and soil bases were lumped together with the mineral weathering as acid bu#ering

e#ect. Mixing cell size depends on dispersivity and that value was determined by the break-

through curve during KCl and pH - sulfuric acid solution permeation.

Characteristics of the variable charge on volcanic ash soil were considered in the simulation

model by applying the anion adsorption equation (Wada, +32+) in which adsorbed amount of

sulfate ion depends on pH and sulfate ion concentration.

The simulation results agreed well with the measured values of pH, aluminum ion concentra-

tion and cumulative release of basic cations in the e%uent. These represent the most serious

e#ects of the acid deposition on the soil. Therefore, parameters used in this simulation model are

useful for predicting the main e#ect of the acid deposition on the Kanto loam subsoil.

However, it could not estimate basic cations concentration of the e%uent with good accuracy.

This discrepancy may reflect the assumptions that cation exchange treated as aluminum-divalent

basic cation exchange, the equilibrium constant was assumed and exchange between hydrogen

ion and cation was not included. Therefore, it is necessary to describe the cation exchange in

more detail.

Key words : acid deposition, volcanic ash soil, chemical equilibrium equation, Mixing Cell model,

simulation
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Abstract

Saline a#ected soil is in the northeast of Thailand, especially in the Khon Kaen Province. The

relation between the salinity accumulation in brackish groundwater and the groundwater level

from ground surface represents the progress state of soil salinization.

The practice for suitable land use against the salinization can be established when the main

conditions of salinization hazards are known. Based on this concept, the electric conductivity (EC)

of groundwater and its level were measured with piezometers for three years in an experimental

field at Khon Kaen Province. The field data showed that the groundwater level much a#ected by

salinity was less than one and half meters from ground surface in the investigated area, and it was

confirmed that the saline soil was mainly caused by the capillary rise of brackish water and by the

accumulation of salt occurred at the soil surface.

Salt accumulation process was investigated by the change in groundwater level. The reducing

e#ect of salinization caused by capillary water rise became remarkable when the groundwater

level was lowered until ground surface soil was out of the dominant capillary water zone.

This indicates the reduction of groundwater level was very e#ective in reducing salinization.

Allowing for field experimental results, a classification map for environmental land use in saline

a#ected area was proposed.

Key words : salinization, capillary water, salt movement, land reclamation, land classification

+. Introduction

The prevention of soil salinization is one of

the methods for environmental protection

against deterioration of water and land re-

sources. Many of the agricultural lands in the

Khon Kaen Province, northeastern Thailand,

were cultivated from woodland and forest.

Some low-lying land gave rise to saline soils,

which occurred after the clearing of forest.

Sodic soils were also produced through capil-

lary water rise induced by the high rate of

evapotranspiration, sometimes through floods.

A number of regions, arid and semi-arid, such

as the northeast of Thailand as well as Mauri-

tania in West Africa and others are still being

a%icted with salinization problems and the

deterioration of land productivity.

To decrease the rate of salinization, leaching

of the accumulated salts by flooding or drip

irrigation have been found to be e#ective

(Goldberg and Uzrad, +310). Farming systems

such as multi cropping or agroforestry are also

said to be e#ective. This idea is based on the

fact that mixing fruit plants with cover crops

take up soil moisture e$ciently. The surface

soil moisture content is taken up by shallow

rooted plant such as grass, while the deeper

subsoil moisture is tapped by deep roots,

guaranteeing an e#ective moisture up-take.

J. Jpn. Soc. Soil Phys.
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Thus, a reduction in salt accumulation will be

possible (Lovenstein et al., +323). This plant

cultivation technique for soil salinity preven-

tion is still empirical. Interruptions of rainfall

and the capillary water rise to the soil surface

using trees are one of the measures for prevent-

ing salinization hazards (Dissataporn et al.,

,**+ a).

The fluctuation of groundwater level varied

from season to season, and the annual change

in the level was large in the area. Accordingly,

it is not practical to set up a large scale (more

than +**ha for an example) land development

project in the saline area. A small scale project

(several ha) is rather suitable for each farmer

because the degree of salinization changes by

places so that multi cropping land use, and

private land improvement will be beneficial.

The hillside is usually used for orchard, euca-

lyptus and cassava cultivation, and the low

land for paddy fields. For making an en-

vironmental land classification map for reha-

bilitation, field observations of the fluctuation

of groundwater level and its salinity were con-

ducted in this study.

,. Materials and Methods

The field experimental site, located ,/km

southwest of Khon Kaen in the northeast of

Thailand, has an altitude ranging from +11 to

+2.m above mean sea level. An annual rainfall

of 3-/mm and soil salinization are strikingly

damaging the area, especially in low land

which gets water logged during the rainy

season. However, the dry season brings about

high evaporation rates amounting to ,,*,*mm

in a year. The surface soil texture in the area is

classified as sandy loam (SL) to loamy sand

(LS) which belongs to a kind of the lateritic

soils (Wada, +332).

The low land area was much a#ected by

salinization, and ECe (electrical conductivity of

saturate soil extract) of surface soil was gener-

ally over ,*dS/m. Values of more than -*dS/

m appeared during the dry season in low land

where salt accumulation had badly damaged

the soil. In the hillside area, the ECe of the

surface soil on average was generally less than

+*dS/m through the year.

The items of field experiment consisted of

monitoring of groundwater level fluctuation in

all seasons and of estimating the relationship

between groundwater level and salinization.

The groundwater level was defined here as the

distance from ground surface to groundwater

level. Thirty seven spots were selected in this

study area included an area of *.1km�*.1km

in view of the topography (Fig. +). Piezometers

Fig. + Topography of investigated field with

contour lines above mean sea level and

location of piezometers (P).

Fig. , Soil profiles in piezometer P+, P+, and P+-.
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(P+ to P-1) were set up at each spot to monitor

the groundwater level and its salinity (EC).

Several piezometers did not work properly

after setting owing to breaking down or floods

so that actual measuring points were ,/ to ,1 in

number, depending on the year. All the depth

of piezometers installed was 1 m.

The area investigated was practically divid-

ed into three areas based on the contour lines.

These are hillside (�+2* m high from mean sea

level), low land (�+12 m) and intermediate land

between +12 m and +2* m. The data from each

piezometer were collected monthly for three

years from +330 to +332. The salinity of the

surface soil (ECe) was measured at several

points. The typical soil profile P+ for the low-

land, P+, for the intermediate land and P+- for

the hillside were shown in Fig. ,. The profile of

the hillside (P+-) is stratified by SL, while that

of the low land (P+) has finer particles layers

like clay loam (CL) at the depth of *.2 m which

is rather impervious than LS. From these tex-

tures, the soil types of the area were classified

as SL in the surface soil.

-. Results and Discussion

-. + EC change of groundwater on annual

basis

The groundwater level during +331 and +332

was lower compared with that in +330, which

increased the intensive evapotranspiration

rate during the dry seasons. Standard devia-

tions of the level showed that +330 was the year

of flood and high level of groundwater (Table

+). From the data, it can be seen that most

fluctuations in groundwater level and EC

values occurred in +330.

During +330, the di#erences between the

maximum and minimum groundwater level of

piezometers indicated less than ,.0* m in low

land and ,..0 m in the hillside (Table ,). The

average groundwater level changes of the pie-

zometers between the rainy and dry seasons

were *..0 m in the low land and -.+1 m in the

hillside.

The EC values of groundwater were taken as

mean values of the fluctuating groundwater

level for each three consecutive years (Fig. -).

The remarkable di#erences in the average

groundwater level between the rainy and dry

seasons were observed at the hillside. The low

land and even hillside were often in flood after

a heavy rainfall. The EC values of ground-

water doubled from +330 to +331, especially in

the area where the groundwater level was less

than , m (Fig. .). The increase in salinity of

groundwater was more conspicuous in the low

land, while the groundwater deeper than , m

had no remarkable increase in salinity. There

was almost no general change in +332 com-

pared to the previous year.

It was supposed that the soil surface was

enough covered in the reach of capillary rise

when the groundwater level was shallower

than + m from ground surface. In this case, the

soil surface was heavily damaged by the salt

Table + Annual standard deviation of groundwater level and electric conductivity of groundwater

Year +330 +331 +332

Standard deviation of groundwater level from ground surface (m)

Standard deviation of electric conductivity of groundwater (dS/m)

*41+-

.43.*

*4.0+

-40*/

*4,1+

,42.,

Table , Changes in groundwater level between rainy and dry season (Khon Kaen +330)

Low land Intermediate land Hillside

Maximum di#erence (m)

Average di#erence (m)

,40*

*4.0

,4,/

*421

,4.0

-4+1
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accumulation. In these circumstances, if the

capillary rise was controlled or reduced, the

salinization hazards could be minimized using

plants, and a new soil improvement practice

will be established (Dissataporn et al., ,**+b).

-. , Measurement of soil salinity and

groundwater level

It is assumed that the soil salinization proc-

ess is a function of groundwater level, water

salinity of groundwater and evapotranspira-

tion. The data of site P+ is shown as an exam-

ple in Fig. / and Fig. 0. The salinity of surface

soil was remarkably a#ected by going up of

groundwater level. In Figs. /, 0 for an example

of P+, when floods covered the surface, EC

values of surface soil increased sharply. There

were many floods in the low land, a discharge

area of groundwater where the salinity was

easily condensed, while the hillside is a re-

charge area of groundwater by percolation

through the soil.

The salinity of surface soil was increasing

when the groundwater was shallow. As an

example shown in Fig. 1, the ECe values of

surface soil (*�,* cm in soil depth) were be-

tween ,*dS/m and ,2dS/m. When the

groundwater level was lower than + m from the

surface during the dry season in +331, ECe of

soil in P+ was lower than ,*dS/m. The soil,

during the rainy season in +330 and dry season

in +330, had higher salinization than that

during the dry season in +331, because ground-

water levels during the rainy season in +330

and dry season in +330 were *.*0m deep and

*.0-m deep from the surface, respectively. This

indicates that the groundwater deeper than +m

did not give much impact on salinization of the

surface (Fig. 2).

Using the estimate equation of capillary rise

H�1//d, where capillary height H mm and

average particle diameter d mm, and another

Fig. - Electric conductivity of groundwater

taken from piezometers for three years

observation (+330�+332).

Fig. . Electric conductivity of groundwater

against groundwater level from ground

surface.

Fig. / Example of fluctuation of groundwater

level from ground surface in period

during +330 to +332 in P+ piezometer.

Fig. 0 Example of fluctuation of electric

conductivity of groundwater in period

during +330 to +332 in P+ piezometer.
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experimental equations (Scott, +30-, Tabuchi,

+31+), the capillary rise was calculated in be-

tween 3* cm and ++* cm for the soil profiles

given in Fig. ,. As the capillary height calcu-

lated for P+ fell within 32 cm to +** cm, a criti-

cal value for capillary rise may be at about + m

deep from ground surface (Yacouba, ,**+).

Groundwater makes it possible that capillary

water from shallow groundwater level is easily

connected to the surface soil. When the severe

evaporation of the water at soil surface urges

the movement of capillary water, the salt accu-

mulation of water soluble salt contained in

capillary water occurs in the low land.

Based on the data obtained in Iran

(Matsumoto, +33/), the concentration of

salinized soil was extremely high at a ground-

water level of about 1* cm from ground sur-

face, but if the groundwater level was as deep

as , m, the salinization was outstandingly re-

stricted in the case of salt a#ected area.

According to the report by Watanabe et al.

(+332), the upward movement of water consists

of two types, one is liquid water movement by

capillary, the other is by vapor which did not

convey the salinity. From these experimental

investigations, it could be guessed that the less

saline a#ected soil depends mainly on the type

of vapor movement, and much saline a#ected

soil on that of the liquid water movement.

Therefore the reducing e#ect of salinization

by capillary water will be remarkable when the

groundwater level is lowered until the surface

soil is out of the dominant capillary water zone.

From above discussion, it can be proposed

that much a#ected area of salt is classified as

vulnerable area A where the top capillary rise

(H) situates above ground surface, and less

a#ected area as safer area B where the top of

capillary rise situates below ground surface,

respectively.

-. - Salinity based soil classification for

land use

It can be possibly taken for granted that

salinization proceeds in the case of the experi-

mental field when the capillary water range is

situated between * and +./ m, rain water can

easily leaches down the accumulated salts to

condense the groundwater salinity. The

percolating front of rainwater will induce the

capillary front to go up when they are connect-

ed. Then groundwater comes up again to the

surface during the seasons. On the other hand

there is no rapid increase in the soil salinity in

the range deeper than , m where capillary

water rise does not arrive quickly at the

ground surface, though the salinization may

proceed gradually for a long time if no rain.

Reducing the capillary water movement is

decisively important for the prevention of soil

salinization. The up and down movement in all

seasons will condense the groundwater salinity

in the field. This type of flow will also get the

surface salinization to increase.

On the basis of Fig. ., it became clear that the

Fig. 1 Changes in electric conductivity of

saturated soil extract with soil depth in

P+ piezomter.

Fig. 2 Relation between groundwater level

and electric conductivity of soil in P+

piezometer.
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critical level between the area A (much a#ect-

ed capillary zone) and the area B (less a#ected

capillary zone) in the field site may be situated

between +./ m and , m. The level more than ,

m shows that the water quality of ground-

water will be useful, if the quality limit of EC

for irrigation is - dS/m (Ayer and Westcot,

+310) because over which the relative land pro-

ductivity decreases remarkably though it

depends on a variety of crops. When the soil

salinization increases up to +* dS/m in ECe, the

yield may be drastically damaged (Carter,

+32+). The quality of groundwater EC observed

in the field was about / dS/m, so that it will be

useful for irrigation if it is diluted by fresh

water.

Accordingly, it may be useful for minimizing

the salt accumulation to provide a map show-

ing as follows. The area A is vulnerable to be

contaminated by brackish water (less than +./

m level from ground surface), the area B is not

easily contaminated by the water (deeper than

, m from ground surface) if well managed, and

the area C is in between both areas. Based on

these standards, the areas with salinization

problem can be classified as shown in the map

(Fig. 3).

The map may o#er a useful data for land

development as well as land conservation and

rehabilitation planning in the region with salt

problems. For the area A, reducing ground-

water level will be e#ective to reduce the salin-

ity. The irrigation water for leaching will be

obtainable from the groundwater in the area B.

The agroforestry cultivation system to

reduce the evapotranspiration and to reduce

groundwater level will be expected applying

high water use and fast growing trees as

Eucaliptus to the recharge area of ground-

water, in particular reforestation may be e#ec-

tive in the area B, because the area A and B are

linked with groundwater. If a quick and inex-

pensive method to identify the salinity in the

ground is applied, the map will be delineated

easily (Dissataporn et al., +330).

.. Conclusion

Capillary rise of groundwater was one of the

main causes of salinization. Therefore the

most important practice for salinization pre-

vention is to interrupt capillary water rise, and

to reduce the groundwater level. In the case of

the site investigated, salinization proceeded

quickly in the area where the annual average

of groundwater level was shallower than +./ m

from ground surface.

When the surface is out of the much a#ected

zone by capillary rise, the application possibil-

ity of plant root system and agroforestry to

absorb the salinity will be worth considering.

A practical way of improving the soil in the

area A is to lower the groundwater level by

drainage to the depth of more than +./ m from

ground surface. The leaching with flood irriga-

tion using the groundwater from the area B

Fig. 3 Land classification map of soil a#ected

by salinity using annual average

groundwater level from ground surface

(counter lines fo groundwater level).
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and C to area A will be useful. The application

of an agroforestry system in the area B and the

area C may be useful as a practice of the soil

improvement by reducing water supply to the

area A.
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in salt-a#ected soils
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Abstract

The electromagnetic induction terrain conductivity meter, “EITCM”, has been used for the

salinity assessment in salt-a#ected soils in northeastern Thailand. This paper briefly discusses

the applicability of the electromagnetic method for delineating the salt distribution within the

landscape and determining the salt content in soil at the depth up to -*m. This information

together with hydrological data and present landuse is useful for the base of the salinity

management in northeastern Thailand. A case study presented the results of the use of the

electromagnetic terrain conductivity meter in some major salt-a#ected soils of Nakhon-

ratchasima province. The results of the investigation revealed that the source of salt in the

process of soil salinization underlies the salt-a#ected soils. High-elevated areas play an important

role for the water supply in the process of soil salinization. Variations of the reading might be due

to the salt content, moisture content and soil type. Accuracy of the reading must be carefully

considered when the survey for soil profiles is carried out in the areas where high clay content and

low moisture content.

Key words : Electromagnetic induction terrain conductivity meter, electrical conductivity, salt-

a#ected soils map, northeastern Thailand

Introduction

Salt-a#ected soils in the northeastern Thai-

land spatially spread in low-lying paddy fields.

The a#ected areas were estimated of seventeen

percent of the region or ,.2/ million ha (Depart-

ment of Land Development, +323). The major

soluble salt is NaCl in the soil solution and in

the groundwater resulting in the adverse

e#ects to soils and plants as well as environ-

ments. The salt derives from rock salt of the

Mahasarakram Formation underlying salt-

a#ected lands and contaminates to shallow

groundwater (Williamson, et al. +322). The fur-

ther extension of salt-a#ected soils is due to

deforestation in recharge area, salt making, the

construction of reservoirs and the mismanage-

ment of irrigation (Arunin, +32.). Salt-a#ected

soil map was developed through the interpreta-

tion of aerial photos, satellite imagery,

hydrogeological maps and soil survey. Field

checks were done by collected some soil samp-

les for laboratory analysis. Mapping units

were classified by degree of salinity into /

classes as very strongly, strongly, moderately,

slightly and non salt-a#ected areas and poten-

J. Jpn. Soc. Soil Phys.
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tial salt-source areas (Department of Land De-

velopment, +33+).

Counter measures for the salinity control in

the northeastern Thailand are based on the

mapping units of the salt-a#ected soil map.

Agronomic practices and soil amendments in-

cluding organic and inorganic substance as

well as green manuring are recommended for

increasing rice yields in slightly and moderate-

ly salt-a#ected soils, while salt tolerant trees

and halophytic grasses are cultivated in very

strongly and strongly salt-a#ected soils.

Reforestation with trees of salt tolerance, fast-

growing, and high water use is recommended

for preventing the secondary salinization in

potential salt-a#ected soils (Arunin, +33,).

The salinity assessment is essential to ensure

that recommendations for the management of

salt-a#ected soils is fruitful. Mismanagement

may cause further expansion of salt-a#ected

soils. Further more, it will be laborious to

persuade farmers to acquire new technology

(Abrol and Fireman, +311).

Various methods or techniques can be used

for assessing salt-a#ected soils. Extent of salt

patches, native halophytes in landscapes and

certain symptoms of crops as a result of stress

impound by salt are simple characteristics of

salt a#ected-soils (Arunin, +32.). But the

degree of salinity can only be specified by

analyzing soil samples for the concentration of

soluble salts as electrical conductivity of the

saturation paste extract (Ece�,dS/m) (Soil Sci-

ence Society of America, +313). Sources of salt

underlie salt-a#ected soils. Subsurface condi-

tions can be investigated at the shallow depth

which a hand auger can be drilled. Power

augurs or drilling equipment can not be

employed. Subsurface conditions can be partly

obtained from one hydrogeological map at + :

/**,*** scale which is only suitable for broad

scale purposes (Piancharaen, +31-). Cores drill-

ing for salt, petroleum and groundwater ex-

ploitations are available in many places

(Krairapanond, et al., +33, ; Japakasetr and

Suwanich, +32.). Groundwater hydrology is

investigated with the installation of piezome-

ters in many major salt-a#ected soils in the

northeastern Thailand in order to investigat-

ing the relationship between groundwater and

salinity hazards in the region (Dissataporn et

al., +33-).

As salt-a#ected soils are dynamic, more repli-

cation of sampling are required especially in

large-scale mapping. Rapid, portable, non-

destructive and surface applied method for

assessing the soil electrical conductivity and

locating the spatial distribution of salt within

soil profiles as well as within a landscape are

recommended. The recent commercial four-

electrode and electromagnetic technique are

accepted as the practical procedure for immedi-

ate assessing salt-a#ected soils (Rhoades, +33,).

The four-electrode resistivity technique

measures the average soil electrical conductiv-

ity by sending the electrical current into a soil

profile through current electrodes while poten-

tial electrodes read the voltage di#erences.

The depth of reading depends on the spacing

between current and potential electrodes. A

regression model for converting the bulk soil

electrical conductivity to the laboratory value

was developed (Department of Land Develop-

ment, +323)

The electromagnetic terrain conductivity

technique is a simple and rapid method for

delineating the distribution of average soluble

salt in a soil profile from the soil surface to the

depth of 1./, +/ and -*m when the coil spacing

of +*, ,* and .* meters, respectively (McNeil,

+32*). The technique is widely used for quanti-

fy the soil salinity (Cameron et al., +32+ ;

McFarlane, et al., +321 ; Williams and Hoey,

+321 ; Dixon, +323 ; Cannon, et al., +33.). The

advantage of this instrument is rapidness but

there are various factors which a#ect the ter-

rain conductivity (McNeill et al., +33,) Linear

regressions between the soil electrical conduc-

tivity and the terrain conductivity at each

depth of sounding were developed (Cook and

Walk, +33,). The low conductivity on the

upland corresponds to the recharge area while
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the high conductivity indicates discharge area

(Bullock and Williams, +321). Williams and

Arunin (+33*) identified the recharge and dis-

charge area from the average ratio of the elec-

tromagnetic terrain conductivity of -*m depth

to ,*m depth, -*m depth to 1./m depth and +/

m depth to 1./m depth of sounding at Nakorn

Ratchasima in northeastern Thailand. The

ratio greater or less than unity indicates re-

charge and discharge area, respectively.

The objective of this paper is to describe the

use of the electromagnetic technique for salin-

ity assessment and to determine the accuracy

of this technique in identify the soil and water

salinity of the salt-a#ected soils in northeast-

ern Thailand.

Principle of operation and instrumentation

The EITCM measures the average apparent

electromagnetic terrain conductivity (Eca) of

the soluble salt concentration in a soil profile in

mS/m. The terrain conductivity of +.*mS/m is

equal to ,/ppm of NaCl concentration. The

instrument consists of the transmitter and re-

ceiver meters connected with the magnetic

transmitter and receiver coils, respectively.

The configurations of coils can be applied in

horizontal and vertical dipole mode which pro-

vide the depth of sounding of *.1/ and +./ times

of the distance between two magnetic coils,

respectively. Surveying the soil conductivity

can be done at the coil spacing of +*, ,* and .*

m (Fig. +).

The transmitter coil with an alternating cur-

rent generates time-varying magnetic fields at

frequency of 0,.**, +,0** and .**Hz to the soil

profile, respectively. They induce small cur-

rents in the soil profile, and they produce sec-

ondary magnetic fields. The magnitude of the

secondary magnetic field depends on the con-

centration of soluble salt, moisture content and

clay content. The receiver coil determines the

primary and secondary magnetic field, and cal-

culates the ratio between primary and second-

ary magnetic fields, which yield the bulk ap-

parent electrical conductivity of the soil

profile. The depth of reading depends on the

primary electromagnetic current frequency, on

the distance between the transmitter and re-

ceiver coil and on the coil configuration. The

coils in horizontal dipole mode with the coil

separation of +*, ,* and .*m and primary elec-

tromagnetic currents at frequency of 0,.**,

+,0** and .**Hz provide the depth of sounding

of 1./, +/ and -*m from the soil surface, while

that in vertical dipole mode configuration pro-

vides depth of sounding of +/, -* and 0*m from

the soil surface, respectively. Survey of terrain

conductivity by the EITCM is commonly used

in horizontal dipole mode as the reading in

vertical dipole mode is sensitive to low conduc-

tivity materials and geologic structure, frac-

tures while the reading in horizontal dipole

mode is insensitive to those of materials. From

this reason, the accurate conductivity can be

obtained from the horizontal dipole mode. Fur-

ther more, alignment of coils in vertical dipole

mode is very di$cult to adjust (McNeil, +32-).

Operating procedure

Two persons are needed for operating the

EITCM. The instrument needs to set up in

order to cut down the magnetic field of earth

Fig. + Electromagnetic induction terrain con-

ductivity meter, EITCM, in horizontal

dipole mode and vertical dipole mode.
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and air before starting survey. This set up

procedure is repeated during the survey wher-

ever encounter low terrain conductivity area.

The transmitter coil in horizontal dipole mode

is placed vertically to the soil surface where

subsurface features are interested. Electro-

magnetic currents are sent from the transmit-

ter coil in the horizontal direction. The cable,

.*m long, is connected between the transmit-

ter and receiver coil. The coil and frequency

current switch are firstly set at .*m distance.

Receiver coil is moved forward and backward

upon the coil separation meter in order to fix

the coil separation at .*m apart. Digital bulk

apparent electromagnetic conductivity in ms/

m from the soil surface to the depth of -*m is

recorded as well as landuse, landform and salt

patches. The coil separation and frequency

current are set to ,* and +*m, respectively.

The receiver coil is moved forward to transmit-

ter coil to ,* and +*m spacing, respectively.

Repeatedly procedure is done in order to meas-

ure bulk salt concentration at the depth of +/

and 1./m. Vertical dipole mode can be done as

horizontal dipole mode by laying down both

coils on the soil surface. Electromagnetic cur-

rents are sent from the transmitter coil in ver-

tical direction. As the EITCM is sensitive to

any metallic material, the measurement should

escape from fences and electricity cables.

Survey technique

The electromagnetic induction survey using

the EITCM have been carried out investigated

in salt-a#ected areas of northeastern Thailand

since +33,. The horizontal dipole mode with

the coil separation of +*, ,* and .*m was used

at the spacing of one-kilometer grid basis. Top-

ographic maps at scale of + : /*,*** and aerial

photos were used for locating the geographic

position. Later on, Global Positioning System

(GPS) was employed for rapid locating. Bulk

apparent electromagnetic terrain conductivity,

.2,02- records, at depths of 1./, +/ and -*m from

soil surface with global coordinates were ob-

tained and recorded in database. Further more,

when close spacing need to be surveyed and

the geographic position can not be accurately

located by GPS. Sites are marked on aerial

photos and later geographic positions are read

by computer program (Fig. ,).

Interpretation

The salinity data have not yet been con-

verted into standard soil salinity because of

unavailable instruments for collecting soil

samples. The computer software Surfer for

Windows was used for contouring the appar-

ent electromagnetic conductivity of the soil

profile at depths of 1./, +/ and -*m from the soil

surface, respectively. Contours are produced

by kriging method which is a useful geostatist-

ical gridding method (Surfer for Windows,

+330). Salinity is classed by adverse symptoms

of plant and soil due to salinity into / classes as

non-salt-a#ected soils (*�2*mS/m), slightly

salt-a#ected soils (2*�+,*mS/m), moderately

salt-a#ected soils (+,*�+0*mS/m), severely salt-

a#ected soils (+0*�,**mS/m) and very severely

salt-a#ected soil (�,**mS/m). Isoconduc-

Fig. , Salinity assessment in northeastern

Thailand.
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tivity in Surfer format was exported in to DXF

interchange files. They were read into digital

format of Arc info. Digital map of salt-a#ected

soils covering the whole salt-a#ected soils of

northeast Thailand is being developed.

Case study

Site characterization

The study area is in Nakhonratchasima pro-

vince where salinity is major problem of the

Korat basin. Soils are spread on the geologic

Mahasarakram formation that is believed to

the source of salt for the process of salinization

(Phiancharoen, +31-). A topographic map is

presented in Fig. - a with the +*m contour and

main drainage. A height above mean sea level

of the area ranges from +2* to ,.* meter. Most

of the area is in low terrace and slightly un-

dulating. Lam Chiang Krai and Lam Khang

Phlu, which is tributary of Chi River, are the

main drain of the area. The average rainfall

and evapotranspiration is +,+*2 and +,21-mm

per year, respectively. According to the soil

salinity map of the northeastern Thailand at

the scale of + : +**,***, salt-a#ected soil spreads

in the lowest elevation and along the river.

The degree of salinization is in scale of very

severely, severely and moderately salt a#ected

soil (Department of Land Development, +33+).

Methodology

Salt-a#ected soils of Nakhonratchasima pro-

vince were surveyed by the EITCM in horizon-

tal dipole mode with the coil spacing of +*, ,*

and .* meters. The average apparent terrain

conductivity, ,3- records, at the depth of 1./, +/

and -*m from soil surface were recorded in-

cluding present landuse, landform and salt

patches. Groundwater salinity from nested pi-

ezometers at the depth +/m from the soil sur-

face were collected. The statistic package,

SPSS for Windows, was used for analyzing the

characteristic of the terrain conductivity and

the linear relationship between the terrain con-

ductivity and the depth of reading. The salin-

ity distribution at each depth of reading and

groundwater salinity was contoured by com-

puter program, Surfer for Windows. EXCEL

drew the salinity distribution by depth and

position of site of reading from mean sea level

along cross section A-B.

Result of measurement

The terrain conductivity from the soil sur-

face to the depth of 1./, +/ and -*m from the

soil surface ranged from +3�-**, -+�-** and .,�
-**mS/m, respectively. The means values of

terrain conductivity at the three depths of

reading were +-2, +/, and +1,mS/m, respec-

tively. The standard deviation of the terrain

conductivity at the depth of 1./, +/ and -*m

varied from 0/, 0, and 0*mS/m, respectively.

The high correlations were found among the

three depths of reading of 1./�+/, 1./�-* and +/�
-* with the correlation coe$cient of *.3/., *.2++

and *.22*, respectively. It was observed from

the frequency distribution of the terrain con-

ductivity that there were +0 stations where the

terrain conductivity at the three depth of read-

ing were -**mS/m, which is the maximum

reading of this instrument. The regression

analysis between the terrain conductivity of

the three depths was developed in order to

clarify the salt distribution within the soil

profile. Linear regression equations between

the terrain conductivity at the depth of 1./, +/

and -*m are as follow :

V(1./m)��+0.,11�+.**2V(+/m), R,�*.3+*

V(1./m)��+-.,10�*.211V(-*m), R,�*.0/1

V(+/m)��,.-**�*.3*+V(-*m), R,�*.1..

where V(1./m) : Average conductivity of soil

profile to 1./m depth

V(+/m) : Average conductivity of soil

profile to +/m depth

V(-*m) : Average conductivity of soil

profile to -*m depth

The coe$cient of determination (R,) of the

three regression equations were 3+, 0/.1 and

1...�, respectively. The linear regression

models can be explained 3+, 00 and 1.� of the

variation of the dependent terrain conductivi-

ty, respectively. From the three regression

equations, it can be explained that when V(1./

m) and V(+/m) is equal to +, V(-*m) is greater
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than V(+/m) and V(1./m), while V(+/m) is as

well greater than V(1./m). Thus, the average

terrain conductivity of soil profile increases

from soil surface to the maximum depth of

reading. Further more, the terrain conductivi-

ty at the depth of +/ and -*m from the soil

surface can be estimated from the terrain con-

ductivity at 1./m with these regression equa-

tions.

Salt distribution maps at the depth of 1./, +/

and -*m from the soil surface with map units

and the topographic map of the study area

were shown in Fig. -. The magnitude of appar-

ent terrain conductivities were classed into

non, slightly, moderately, severely and very

severely salt-a#ected soils in order to charac-

terize the distribution of the salt concentration

within a soil profile and within a landscape.

Fig. - a and -b indicated that there was an

accumulation of salt in soil profile from the soil

surface to the depth of 1./m. Very severely

salt-a#ected soils spatially spread in the alluvi-

um plain of the main drainage of the study

area. It occurred mostly in the areas where the

elevation is less than ,**m. Non salt-a#ected

soils where the terrain conductivity is less than

2*mS/m were situated at the elevation greater

than ,+*m. Isoconductivity maps of the soil

profiles at the depth of +/ and -*m from soil

surface showed that the areas of very severely

salt-a#ected soils increased with the depth of

sounding. Further more, the area of non salt-

a#ected soils decreased with the depths of

sounding, indicating the increase of the soluble

salt content with the depth under non-salt

a#ected soils at the depth more than 1./m from

the soil surface (Fig. - c and -d). The result of

cross-section AB showed that the degree of

salinity in the high elevation areas was low

and gradually increases further down slope.

Low salinity could be detected in the undulat-

ing area. Salinity sharply increased with depth

in alluvium plain while in the high elevation

area there were little change in the terrain

conductivity with depth (Fig. - f).

Groundwater salinity from the nested pie-

zometer at the depth of +/m from the soil

surface was shown in Fig. - e. Groundwater

salinity ranges from less than + to ./dS/m. It

was found that low salinity groundwater is

located in the high elevation area while very

high salinity is located in the flood plain.

Discussion

The EITCM was employed for the salinity

assessment in northeastern Thailand. It has

been proved that this technique can provide

reliable data on the salinity distribution within

a landscape and within a soil profile. The

technique is easy for application, as no soil

samples are taken. Further more, it is the

surface treatment without inserting electrodes

as Four-probe resistivity. The receiver coils

can be adjusted from the coil separation meter

comparing to four-probes resistivity meter,

which need to adjust electrode spacing by tape

measuring. Two persons are minimum re-

quirement for operating electromagnetic ter-

rain conductivity.

As the instrument can detect an average ter-

rain conductivity of a soil profile from the soil

surface to the depth of 1./, +/ and -*m, it not

only enables to locate the salt concentration

within the landscape but also within the soil

profile which can not be observed by aerial

photos or satellite imagery. Data collected

from the study area can indicate that salt-

a#ected soils occur in the flood plain of the

three main drain of the study area. The source

of salt can be situated at the depth of +/ and -*

m from the soil surface in the salt-a#ected soils.

Further more, the terrain conductivity of a

soil profile, greater than +,*mS/m, can be

found at the depth of -*m from the soil surface

in the high-elevated areas. The salt content

situated at the depth more than -*m from the

soil surface may be higher than +,*mS/m if

the instrument can operate at depth more than

that of from soil surface. From this reason it

can be shown that salt underlies Korat Basin

even in the high-elevated area that were classi-

fied as non salt-a#ected soils (Piancharoen,
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Fig. - Topographic map (a), isoconductivity maps (mS/m) at depth 1./, +/ and -*m (b, c, d)

groundwater salinity (dS/m) at depth +/m (e) and cross section of terrain conductivity and

height from mean sea level (MSL) (f).
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+31-). Salt in the deeper profiles can not be

observed because of the limitation of the in-

strument. In addition, salinization in this area

can not occur because these areas are in the

high elevation, and salt at the depth more than

-*m can not move up to the soil surface and

leaching by rainfall is normally dominant in

these areas. On the other hand, the result of the

electromagnetic survey indicates that salt in

the high-elevated areas is not situated at the

depth where it can be a source of salt in the

process of soil salinization, ie, saline seep

(Sinanuwong and Takaya, +31.). Further more,

the high-elevated areas in the salt-a#ected soils

are the areas where they might supply water

from the rainfall for the process of salinization.

This local recharge should be aware of water

management for salinity control (Dissataporn

et al., +33-).

The distribution of the terrain conductivity

in the soil profile at each depth can be used for

identifying the recharge and discharge area.

As in the recharge area salt is leached down the

soil profile by water and accumulated in the

deeper profile. While in the discharge area salt

moves up to soil the surface by the capillary

rise from the shallow saline groundwater and

accumulated in the upper soil profile (Williams

and Arunin, +330). But the terrain conductivity

in the discharge areas increases with the depth

of reading. This can clarify that the source of

salt situates in the salt-a#ected soils and the

magnitude of the accumulation of salt is much

more than the accumulation of salt in the

upper surface by the process of the capillary

rise and the evaporation soil surface.

It is observed that sixteen sites in the very

severely salt-a#ected soils class comprised of

-**mS/m for the whole depth of reading,

which is the maximum reading of the instru-

ment. Salinity in these sites may be greater

than -**mS/m if the digital model, which can

measures more than -**mS/m, is used (McNeil,

+32*).

The distribution of the terrain conductivity

at the depth of +/m from the soil surface partly

coincided with the groundwater salinity at the

same depth (Fig. - c and - e). It can be seen

from this comparison that the terrain conduc-

tivity might be used for identifying soluble salt

in soil profiles. The variation of these two data

may be due to the di#erence in the sample

densities. Simple nonlinear regression equa-

tions of the terrain conductivity at the depth of

1./, +/ and -*m from the soil surface and the

electrical conductivity of the groundwater at

the same depth were developed (Yamclee et al.,

+330). It was found that the regression equa-

tion of the terrain conductivity could explain

about 22, 11 and 2+� of the variation of the

groundwater salinity at the depth of 1./, +/ and

-*m from the soil surface, respectively. From

this study it can be seen that variations of the

terrain conductivity may be caused by other

factors about +,, ,- and +3�, respectively.
The low terrain conductivity in the high-

elevated areas may be due to the low salt con-

centration and moisture content. As the

groundwater level in these areas is always sit-

uated at the depth more than /m from the soil

surface. Thus, the terrain conductivity of the

soil profile measured in such places may be

confounded by moisture content especially

reading at the depth of 1./m from the soil

surface. While in the salt-a#ected soils, the

groundwater table is always at the depth of ,�
-m from soil surface. The di#erence in mois-

ture contents can be ignored in the salt-

a#ected soils. On the other hand, as salt-

a#ected soils in northeast occur mostly in

sandy soils which clay contents are not the

major constitutes of these soil types. Thus, the

variations of the terrain conductivity in the

sandy soils are not due to clay content. The

high terrain conductivity found in the flooded

plain areas of the main drain may be interfered

by the clay content in the soil profile (Williams

and Hoey, +321 ; McNill et al., +33,).

These variations could be accepted for the

salinity assessment in the regional scale.

Anyhow, the anomaly of the terrain conductiv-

ity and electrical conductivity of soils should

������ � 23� 	,**,
50



be further investigated, as the terrain conduc-

tivity is relying on not only soluble salt but

also clay and moisture. It is necessary to devel-

op the regression equation for converting the

terrain conductivity to the electrical conduc-

tivity of the saturation paste especially in the

clayey soil profile and in the high elevation

areas where clay content and moisture content

could interfere the terrain conductivity ; re-

spectively. The calibration can be done for the

1./m reading as a hand auger can be drilled.

Soil samples from the soil surface to the depth

of 1./m must be collected and mixed together.

Saturation extract of soil paste is used for

measurement of the soil electrical conductivi-

ty. Regression of the average terrain conduc-

tivity and soil electrical conductivity can be

developed. This finding will be useful for

assessing the soil salinity in standard unit. As

the salinity at the shallow soil profile is the

main purpose for salinity assessment in agri-

culture production.

Since the terrain conductivity is used direct-

ly for classifying salt-a#ected soils and the

responses of the terrain conductivity for each

soil types and landscape are not the same. The

terrain conductivity for each map unit should

be classed for each catchment area. Surveyors

can class the terrain conductivity for each map

units from salt patches and native halophytes

as well as symptom of plants.

In addition, the electromagnetic terrain con-

ductivity meter measuring in the vertical

dipole mode is sensitive to geologic structure,

faults. Salinity survey should not only meas-

ure in horizontal dipole mode for the terrain

conductivity but also in vertical dipole mode.

As faults were claimed to be a channel of the

deep saline groundwater which contacts with

the Mahasarakram Formation. This saline

groundwater leak through these channels and

contaminate to the shallow groundwater

aquifer (Imaizumi et al., +330). This informa-

tion is useful for considering the salinity con-

trol.

Electromagnetic terrain conductivity with

the short intercoil spacing and the single cur-

rent frequency has been useful for the salinity

assessment in the agricultural production area

as it is portable, one man operate, rapid, root

zone reading and can be related to laboratory

analysis (Dissataporn et al., +33-).

The information from the electromagnetic

technique can be considered in planning the

land-use strategy for the salinity control. It

can be a basis data for reducing the cost of

hydrological study which need to install ex-

pensive piezometers. Further more, Salt-

a#ected soils map in GIS format can be used

with other map layers, land use, elevation, hy-

drology, for predicting areas risk for salt-

a#ected soils.

Conclusion

The EITCM was used for salinity assessing

in northeastern Thailand. This technique is

surface application, non-destructive, rapid and

easy to operate. It immediately locates the salt

concentration with in a landscape and within a

soil profile. The results of mapping indicated

that sources of salt in the process of the soil

salinization is underlie the salt-a#ected soil.

The deviation of the bulk conductivity within

a landscape and within a soil profile may come

from the di#erence in moisture content and

clay content. Subsurface conditions can be

investigated in more details by this technique.

Anomaly of the terrain conductivity from the

electrical conductivity of soil paste must be

found out even for the shallow depth of read-

ing.
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